Kováts coefficients (KP C ) and molecular structural coefficients (SPci), as well as their dependences on column temperature, stationary phase polarity, and solute chemical nature, have been dealt with in some earlier papers. Three new polarity values based on the above parameters are presented to characterize gas-liquid chromatographic stationary phases: the substance-specific polarity factor, the average polarity factor, and its derived polarity. The new scales describe the interaction capacity of 26 stationary phases from squalane (retention polarity, 0) to bis(cyanoethoxy)formamide (retention polarity, 144.6) with the first five McReynolds solutes. Their physicochemical meanings are also shown.
Introduction
Polarity in gas chromatography (GC) is controversial and must be managed carefully. It is relatively simple to assign polarity to a solute because it suffices to look at its chemical con stitution for associating its dipolar moment or its capacity to give or take protons or electrons (etc.) to its polarity. n-Alkanes are nonpolar (zero dipolar moment), whereas n-alcohols, ketones, esters, and amines are polar because these chemical functions have a finite dipolar moment. However, the polarity of a stationary phase (SP) toward a solute depends on the recip rocal interaction forces between them: dispersion, induction, orientation, and donor-acceptor (e.g., hydrogen bond).
Rohrschneider (1) and McReynolds (2) pioneered the work on characterization of organic liquids used as GC SPs based on these solute-SP interactions. The latter method is still widely used; McReynolds polarity is one of the most characteristic SP data appearing in commercial catalogs, although it has been claimed that n-alkanes are unadvisable as standard probes for very polar SPs (3) . Other methods of characterization are the solvent selectivity triangles of Snyder and others (4) (5) (6) (7) (8) , the Hildebrand solubility parameter approach (9) (10) (11) (12) , spectroscopic methods (13) (14) (15) , and thermodynamic approaches (16) (17) .
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These procedures have yielded a series of standardized polarity scales for SPs. The Rohrschneider polarity (P=logr p -logr a ) is the difference between the logarithms of the relative retentions (r) of butadiene and butane on a polar (p) and a nonpolar (a) SP (18) , ranging from squalane (P=0) to β,β -oxydipropionitrile (P=100). Kováts (19) introduced a retention index (RI) scale to characterize SPs using the equation I = Ip x -I SQ . Schomburg (20) defined polarity as the RI differences for benzene and cyclohexane on the polar SP with respect to squalane: Ρ= I benzene -I cyclohexane . McReynolds (2) characterized an SP by its "McReynolds polarity" (Σ[ΔI]), calculated as the sum of the differences J, Y, Z, U, and S of the retention indices for the solutes benzene, n-butanol, 2-pentanone, 1-nitropropane, and pyridine, respectively, on the given SP and on squalane, taken as the apolar reference SP. Lee et al. (21) proposed the RI of the polarizable biphenyl to determine the SP polarity. Snyder (4) used the solvent polarity parameter (P), deter mined as Ρ =1.2+Σ Ι i b/100, where b is the slope of the straight line log V g,z versus Ζ (the carbon atom number of the n-alkanes), and ΣΔI i = I i /x i where x i is the selectivity parameter for the three interactions of the SP and the solutes ethanol, dioxane, and nitromethane (proton acceptor, proton donor, and orientation, respectively). Novák (22) equated the SP polarity to its resistance to retain a nonpolar hydrocarbon, expressed as G°k( -CH2-)(T), the par tial molar Gibbs energy of the solution of a methylene group. Tkján et al. (23) used the coefficients of Kováts (24) (25) (26) , defined as: KP c = 100 (Z-log V g,Z /b), depending on the column temperature and carrier gas but not on the chosen n-alkane, provided that Z is greater than 7. Szentirmai et al. (27) coined the retention polarity (RP) (see Equation 13 ), based on the idea that the chromato graphic interaction between a substance and an SP can be charac terized by the RI ratios. The scale, a refinement of the Snyder's scale, is due to Kersten et al. Here average polarity factor (APF?) and polarity (P p ) for 26 SPs are proposed. Also, a new concept of substance-specific polarity factor (SPF\) for some solutes is proposed, and a rela tionship between them and their respective molecular struc tural coefficients is also suggested. 
Theory
The molecular structural coefficient for a solute at a temper ature Τ was defined by Takács (29) The molecular structural coefficient has the following physicochemical meaning (E.B. Lorenz and J.M. Takács. TWenty-fifth anniversary of the gas chromatographic research group for study of the retention index systems, private communication, Budapest, Hungary, 1996) . Bearing in mind the following equa tions,
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Eq9 where [ΔG°X (T)]p is the partial molar Gibbs energy necessary to take 1 mole of solute χ from the gas phase to the SP ρ at a tem perature of T; [ΔG°K( -CH2-) (T)]p is the partial molar Gibbs energy for the -CH 2 -group, whose physicochemical meaning is the energy to be spent for creating a cavity in the SP ρ to house the methylene group (i.e., it would account for the reluctance of the SP to do so). The partial molar Gibbs energy for the methylene group is equal to the product of -2.3RT and the slope (b) (Equation 4); expressing R in cal/mol K, its units are calories per mole.
According to the above (31), the molecular structural coeffi cient of a given solute on a given SP equals the ratio between the partial molar Gibbs energy of a solute χ at a temperature Τ and a hundredth of the value of the partial molar Gibbs energy for a methylene group:
where t' R is the adjusted retention time (min) Eq 10 Table I . Data were obtained after multiple regressions by computer.
In recent papers (31, 32) , the effect of column temperature, SP retention polarity, and chemical nature of the solute have been studied. Here the substance-specific polarity factor term is defined as:
In other words, the substance-specific polarity factor of a solute k (benzene [k=1] , n-butanol [k=2], pentan-2-one [k= 3], 1-nitropropane [k=4], and pyridine [k=5]) is equal to the ratio of the molecular structural coefficient of the given McReynolds solutes k on the given SP and that on zerolane, a hypothetical apolar SP. Searching for the physicochemical meaning of the above parameter, Equation 11 can be trans formed into the following, where the magnitudes can be easily calculated:
Eq 12
The first term of the product is simply (b Zerolane /b p ), and the second is the ratio of the partial molar Gibbs solution energy of the solute k in the given SP and on zerolane, which are also simple calculations (16) .
The retention polarity, RPv(T), at a temperature Τ is defined as (27) :
where AP-87 is the apolane 87 SP made by Kováts (34) , CA) and Chrompack (Middburg, The Netherlands) were used; polarity ranged between squalane and bis(cyanoethoxy)formamide (BCEF). Two apolar SPs were used as standards: zerolane and apolane 87. The first five McReynolds probes were benzene, n-butanol, 2-pentanone, 1-nitropropane, and pyridine; the n-alkanes were used as markers.
Results and Discussion
Results were obtained at 120°C throughout. Table I shows the list of the 26 SPs used in this work together with the values of the four following polarity scales: retention polarity (RP), McReynolds polarity (MP), average polarity factor (APF), and polarity (P), cal culated according to Equations 13,14,15, and 17, respectively. The range of the different polarity scales was between -21 and about 145 for RP, between 0 and about 10 for MP, between 1 and about 2 for APF, and between 0 and about 77 for P. Therefore, the two new polarity terms, APF and P, are polarity scales as correct as the RP and the MP and can be used as a tool for characterizing SPs, but without using squalane as a standard SP. Because the first five McReynolds probes were involved in the equations leading to the calculation of these magnitudes, the values of the different columns in Table I Figure 2 shows the plot of retention polarity and polarity calculated by Equations 13 and 17, respectively, versus the average polarity factors for the same SPs (Equation 15). Data were optimized by multiple regression carried out by computer. Monotonically increasing curves were obtained in all cases. Quadratic least-mean squares fits yielded the following results. For Figure 1 , the coefficients for the grade-2 polynomial fitting in decreasing order (y=ax 2 +bx+c) were as follows: a=6.8672, b=-7.77348, and c=0.16967; the correlation coef ficient was 0.97. For the RP-APF curve in Figure 2 , a=180.686, b=-320.535, and c=127.095; the cor relation coefficient was 0.99. For the P-APF curve in Figure 2, a=184.171, b=-437 .911, and c= 260.753; the correlation coefficient was 0.97. (for all K solutes), the molecular structural coefficient increment gradients relative to the polarity increment from zerolane to BCEF (ΔS ck /ΔP) for benzene, n-butanol, pentan-2-one, 1-nitropropane, pyridine, and n-decane were 1.224, 4.769, 2.591, 6.445, 5.914, and -9.922, respectively. To compare with benzene, the parameter q Sck = ΔS ck /ΔS cl was used. Tcible IV shows that 1-nitropropane and pyridine had a gradient q Sck four times that of benzene, pentan-2-one had a gradient twice that of benzene, n-butanoPs gradient was three times benzene's, and n-decane had a gra dient eight times that of benzene, but with the opposite sign. Figure 3 is a plot of SP CX versus Ρ calculated using Equation 17 . Optimized data were obtained by multiple regressions car ried out by computer. Benzene and pentan-2-one yielded straight lines with the lowest gradients of SP cx versus Ρ when Ρ was greater than 10. The η-butanol curve lies in the middle, and both 1-nitropropane and pyridine curves lie in the upper part of the plot with the highest molecular structural coefficient values (i.e., showing the strongest solute-solvent interaction). The fitted parameters can be seen in Table IV.  Table V lists the substance-specific polarity factor values (S£f\) for the same solutes on the same 26 SPs, calculated using Equation 11. The molecular structural coefficients (s ck zerolane ) for the Zerolane standard apolar SP were: 497.5, 359.6, 457.6, 376.3, and 457.3 for benzene, n-butanol, pentan-2-one, 1-nitropropane, and pyridine, respectively (Table II) .
Next, the differences ASPF k = SPF k BCEF -SPF k Zerolane for the first five McReynolds probes and n-decane could be calculated (Tables III and V) as 0.1889,1.0173,0.4342,1.3213,0.9916, and -0.8257 for solutes 1-5 and n-decane, respectively. In reference to benzene, q sm = ΔSPF n-C10 /ΔSPF 1 and qSPFk values were 5.38, 2.30, 6.99, 5.25, and -4.37 for n-butanol, pentan-2-one, 1-nitropropane, pyridine, and n-decane, respec tively (substance-specific polarity factor for benzene, SPF 1 = 0.1889) (Table IV) . It can be inferred that 1-nitropropane had a qsPFk gradient seven times that of benzene, pyridine and nbutanol had one an average of five times as high, pentan-2-one about twice as high, and n-decane had one four times that of benzene. Again, the negative sign of the n-alkane might mean a difference with respect to the polar solutes. Table III lists the values of the Kováts coefficients (K C P) calcu lated from the relevant MP values in Table I, The SPF k values of the first five McReynolds probes (see Table  V ) and the substance-specific polarity factor for n-decane (see Table I ) studied SPs ( Figure 4) . Optimized values were obtained as those of the precedent figures. Like the previous S ck versus Ρ plots, identical curves were obtained for the latter solutes. Benzene and pentan-2-one made good straight lines showing the lowest SPF k values; the highest SPF k values corresponded to 1-nitropropane, and pyridine and nbutanol laid in the middle of the plot. On the contrary, n-decane points fell in a descending straight line with a slope of -0.0098802 (0.909723 intercept and 0.99 correlation coefficient). Then, whereas SPF k of solutes 1-5 increased from unity (zerolane) to about 2.5 (BCEF), the SPF n-C10 diminished from 1 (zerolane) to about 0.17 for BCEF, the most polar SP. The strong SPF increase for the more polar solutes (i.e., 1-nitropropane, pyridine, and nbutanol), is in contrast with the strong decrease observed in the nalkane. The data were fitted to grade 1 and 2 polynomials, and the parameters obtained are given in Table IV As a hydrocarbon, ben zene behaved somewhat similarly to n-decane because its SPF value did not increase much with P. Once again, as when the molecular structural coefficients (32) and their SP polarity depen dence were examined, it is deduced from the opposite behavior of the n-alkane and the polar solutes that only dispersion interaction forces may act between the SP and n-decane, whereas, between the SPs and the McReynolds solutes, other interaction forces might intervene; the more polar the solute, the more intense the individual SPF k is. Summing up, at least qualitatively, the SPF plots allow one to distinguish fairly well between n-alkanes and other polar solutes. In light of these results, it appears that the polarity APF and Ρ scales data and the substance-specific polarity
Conclusion
Two new polarity scales, APF and P, are pro posed and calculated for 26 SPs spanning the entire polarity range. As with other scales (i.e., McReynolds polarity, retention polarity, Kováts coefficients, solvent strength polarity, etc.), they faithfully indicate the chromatographic behavior of the organic liquids used as SPs in GC. The use of zerolane, a hypothetical apolar SP, instead of squalane minimizes the criticism of the use of both this SP and the n-alkanes as markers for very polar SPs. A new field of SP characterization has been opened.
The molecular structural coefficients (S P C ) and substance-specific polarity factors (SPF k p ) are a useful approach for determining the solute-solvent interactions. Both increased with SP polarity in polar solutes (McReynolds probes in this work), but they decreased for the apolar n-decane. This indicates that in the two cases, the SP-solute interaction is different in the sense that a polar solute may present not only dispersion interaction but also interaction by orientation, hydrogen bond (proton donor and proton acceptor), etc. Evidence of this difference is given by the SP c and SPF versus Ρ plots reported in this work.
Finally, the thermodynamic link between the molecular structural coefficients and the substance-specific polarity fac tors of a solute in a given SP at 120°C is established. 
